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Investigating tetraquarks composed of usd¯b¯ and uds¯b¯
Hongxia Huang∗ and Jialun Ping†
Department of Physics, Nanjing Normal University, Nanjing, Jiangsu 210097, China
In the framework of the quark delocalization color screening model, we investigate tetraquarks
composed of usd¯b¯ and uds¯b¯ in two structures: meson-meson structure and diquark-antidiquark
structure. Neither bound state nor resonance state is found in the system composed of usd¯b¯. The
reported X(5568) cannot be explained as a molecular state or a diquark-antidiquark resonance of
usd¯b¯ in present calculation. However, two bound states of the diquark-antidiquark structure are
obtained in the tetraquarks system composed of uds¯b¯: an IJ = 00 state with the mass of 5701
MeV, and an IJ = 01 state with the mass of 5756 MeV, which maybe the partners of X(5568)
states. Our results indicate that the diquark-antidiquark configuration would be a good choice for
the tetraquarks uds¯b¯ with quantum numbers IJ = 00 and IJ = 01. The tetraquarks composed of
uds¯b¯ is more possible to form bound states than the one composed of usd¯b¯. These bound states are
worth investigating in future experiments.
PACS numbers: 13.75.Cs, 12.39.Pn, 12.39.Jh
I. INTRODUCTION
In the past few decades, the discovery of numbers of
exotic states stimulated extensive interest in understand-
ing the structures of the multiquark hadrons. So far,
most tetraquark and pentaquark candidates are com-
posed of hidden charm or bottom quarks. However,
the new state X(5568) observed by the D0 collabora-
tion in 2016 [1] was an exception. The X(5568) has a
mass m = 5567.8 ± 2.9(stat)+0.9−1.9(syst) MeV and width
Γ = 21.9± 6.4(stat)+5.0−2.5(syst) MeV [1]. The decay mode
isX(5568)→ B0sπ±, which indicates that the quark com-
ponent of the X(5568) should be four different flavors:
u, d, s, b. Therefore, the claimed X(5568), if confirmed,
would differ from any of the previous observations, as it
must be a tetraquark state with usd¯b¯ or dsu¯b¯ and their
charge-conjugated ones. Unfortunately, this state was
not confirmed by other collaborations. The LHCb col-
laboration [2], the CMS collaboration of LHC [3], the
CDF collaboration of Fermilab [4] and the ATLAS Col-
laboration of LHC [5] all claimed that no evidence for
this state was found. Nevertheless, the D0 collabora-
tion’s new result still insists on the existence of this
tetraquark X(5568) [6]. Clearly, more other measure-
ments are needed.
The discovery of this exotic state X(5568) also stimu-
lates the theoretical interest. Many approaches have been
applied to interpret this state, such as the QCD sum
rules [7–13], quark models [14–16], the extended light
front model [17], rescattering effects [18], and so on. How-
ever, several theoretical calculations gave the negative
results [19–22]. For example, in Ref. [19], authors inves-
tigated two structures, diquark-antidiquark and meson-
meson, with all possible color configurations by using the
Gaussian expansion method, and they cannot obtain the
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reported X(5568). Ref. [20] examined the various in-
terpretations of the state X(5568) and found that the
threshold, cusp, molecular, and tetraquark models were
all unfavored the existence of the X(5568).
To search for the tetraquark states with four different
flavors, a better state is uds¯b¯ (or its charge-conjugated
one) with replacing the d/s¯ inX(5568) by d¯/s [23]. Obvi-
ously, such state is a partner of X(5568) under the SU(3)
flavor symmetry, and their masses are close to each other.
But the threshold of uds¯b¯ is BK, 270 MeV higher than
the threshold Bsπ ofX(5568) with usd¯b¯. So there is large
mass region for this uds¯b¯ state below threshold and being
stable. Besides, Ref. [23] pointed out that if the lowest-
lying uds¯b¯ state exists below threshold, it can be defi-
nitely observed via the weak decay mode J/ψK−K−π+,
with the expectation of hundreds of events in the cur-
rent LHCb data sample but rejecting backgrounds due
to its long lifetime. Therefore, the uds¯b¯ state would be a
more promising detectable tetraquark state. Ref. [24] in-
vestigated such state composed of uds¯b¯ within the chiral
quark model, and found the bound state with IJP = 00+
was possible. Liu et al. also proposed several partner
states of X(5568) and estimated the mass difference of
these partner states based on the color-magnetic interac-
tion [25], which can provide valuable information on the
future experimental search of these states.
It is generally known that quantum chromodynamics
(QCD) is the fundamental theory of the strong interac-
tion. Understanding the low-energy behavior of QCD
and the nature of the strong interacting matter, how-
ever, remains a challenge due to the complexity of QCD.
Lattice QCD has provided numerical results describing
quark confinement between two static colorful quarks,
a preliminary picture of the QCD vacuum and the in-
ternal structure of hadrons in addition to a phase tran-
sition of strongly interacting matter. But a satisfying
description of multiquark system is out of reach of the
present calculation. The QCD-inspired models, incor-
porating the properties of low-energy QCD: color con-
finement and chiral symmetry breaking, are also power-
2ful tools to obtain physical insights into many phenom-
ena of the hadronic world. Among many phenomeno-
logical models, the quark delocalization color screening
model (QDCSM), which was developed in the 1990s with
the aim of explaining the similarities between nuclear
(hadronic clusters of quarks) and molecular forces [26],
has been quite successful in reproducing the energies of
the baryon ground states, the properties of deuteron, the
nucleon-nucleon (NN) and the hyperon-nucleon (Y N)
interactions [27]. Recently, this model has been used to
study the pentaquarks with hidden-strange [28], hidden-
charm and hidden-bottom [29]. Therefore, it is interest-
ing to extend this model to the tetraquark system. In
present work, the tetraquark state X(5568) with quark
contents usd¯b¯ and its partner state with uds¯b¯ are in-
vestigated. Besides, two structures, meson-meson and
diquark-antidiquark, are considered in this work.
The structure of this paper is as follows. A brief intro-
duction of the quark model and wave functions is given
in section II. Section III is devoted to the numerical re-
sults and discussions. The summary is shown in the last
section.
II. MODEL AND WAVE FUNCTIONS
QDCSM has been described in detail in the litera-
tures [26, 27]. Here, we just present the salient features
of the model. The Hamiltonian for the tetraquark states
is shown below:
H =
4∑
i=1
(
mi +
p2i
2mi
)
− TCM +
4∑
j>i=1
(
V CONij + V
OGE
ij + V
OBE
ij
)
, (1)
V CONij =
{ −acλci · λcj (r2ij + a0ij), if i,j in the same baryon orbit
−acλci · λcj (1−e
−µij r
2
ij
µij
+ a0ij), otherwise
(2)
V OGEij =
1
4
αsλ
c
i · λcj
[
1
rij
− π
2
δ(rij)(
1
m2i
+
1
m2j
+
4σi · σj
3mimj
)− 3
4mimjr3ij
Sij
]
(3)
V OBEij = Vpi(rij)
3∑
a=1
λai · λaj + VK(rij)
7∑
a=4
λai · λaj + Vη(rij)
[(
λ8i · λ8j
)
cos θP − (λ0i · λ0j ) sin θP
]
(4)
Vχ(rij) =
g2ch
4π
m2χ
12mimj
Λ2χ
Λ2χ −m2χ
mχ
{
(σi · σj)
[
Y (mχ rij)−
Λ3χ
m3χ
Y (Λχ rij)
]
+
[
H(mχrij)−
Λ3χ
m3χ
H(Λχrij)
]
Sij
}
, χ = π,K, η, (5)
Sij =
{
3
(σi · rij)(σj · rij)
r2ij
− σi · σj
}
, (6)
H(x) = (1 + 3/x+ 3/x2)Y (x), Y (x) = e−x/x. (7)
Where Sij is quark tensor operator; Y (x) and H(x) are
standard Yukawa functions; Tc is the kinetic energy of
the center of mass; αs is the quark-gluon coupling con-
stant; gch is the coupling constant for chiral field, which
is determined from the NNπ coupling constant through
g2ch
4π
=
(
3
5
)2
g2piNN
4π
m2u,d
m2N
. (8)
The other symbols in the above expressions have their
usual meanings. All model parameters are determined
by fitting the meson spectrum we used in this work and
shown in Table I. The calculated masses of the mesons
in comparison with experimental values are shown in
Table II. Besides, a phenomenological color screening
confinement potential is used here, and µij is the color
screening parameter, which is determined by fitting the
deuteron properties, NN scattering phase shifts, NΛ
and NΣ scattering phase shifts, respectively, with µuu =
0.45 fm−2, µus = 0.19 fm
−2 and µss = 0.08 fm
−2, sat-
isfying the relation, µ2us = µuuµss [30]. When extending
to the heavy bottom quark case, there is no experimental
data available, so we take it as a adjustable parameter
µbb = 0.001 ∼ 0.0001 fm−2. We find the results are in-
sensitive to the value of µbb. So in the present work, we
take µbb = 0.001 fm
−2.
The quark delocalization in QDCSM is realized by
3TABLE I: Model parameters: mpi = 0.7 fm
−1, mk = 2.51
fm−1, mη = 2.77 fm
−1, mσ = 3.42 fm
−1, ma0 = mκ = mf0 =
4.97 fm−1, Λpi = Λσ = 4.2 fm
−1, ΛK = Λη = Λa0 = Λκ =
Λf0 = 5.2 fm
−1, g2ch/(4pi)=0.54, θp=−15
0.
b mu md ms mb
(fm) (MeV) (MeV) (MeV) (MeV)
0.518 313 313 470 4500
ac a
0
uu a
0
us a
0
ub a
0
sb
(MeV fm−2) (fm2) (fm2) (fm2) (fm2)
58.03 -0.733 -0.309 1.701 1.808
αsuu αsus αsub αssb
1.50 1.46 1.41 1.40
TABLE II: The masses (in MeV) of the mesons obtained from
QDCSM. Experimental values are taken from the Particle
Data Group (PDG) [31].
Meson Mtheo Mexp
pi 140 140
ρ 772 770
K 495 495
K∗ 892 892
B 5280 5280
B∗ 5319 5325
Bs 5367 5367
B∗s 5393 5415
specifying the single particle orbital wave function of QD-
CSM as a linear combination of left and right Gaussians,
the single particle orbital wave functions used in the or-
dinary quark cluster model,
ψα(si, ǫ) = (φα(si) + ǫφα(−si)) /N(ǫ),
ψβ(−si, ǫ) = (φβ(−si) + ǫφβ(si)) /N(ǫ),
N(ǫ) =
√
1 + ǫ2 + 2ǫe−s
2
i/4b
2
. (9)
φα(si) =
(
1
πb2
)3/4
e−
1
2b2
(rα−si/2)
2
φβ(−si) =
(
1
πb2
)3/4
e−
1
2b2
(rβ+si/2)
2
.
Here si, i = 1, 2, ..., n are the generating coordinates,
which are introduced to expand the relative motion wave-
function [27]. The mixing parameter ǫ(si) is not an ad-
justed one but determined variationally by the dynamics
of the multi-quark system itself. In this way, the multi-
quark system chooses its favorable configuration in the
interacting process. This mechanism has been used to
explain the cross-over transition between hadron phase
and quark-gluon plasma phase [32].
In this work, the resonating group method (RGM) [33],
a well-established method for studying a bound-state or
a scattering problem, is used to calculate the energy of all
these states. The wave function of the four-quark system
is of the form
Ψ = A [[ψLψσ]JMψfψc] . (10)
where ψL, ψσ, ψf , and ψc are the orbital, spin, flavor and
color wave functions, respectively, which are given below.
The symbol A is the anti-symmetrization operator. For
the meson-meson structure, A is defined as
A = 1− P13. (11)
where 1 and 3 stand for the quarks in two meson clusters
respectively; for the diquark-antidiquark structure, A =
1.
The orbital wave function is in the form of
ψL = ψ1(R1)ψ2(R2)χL(R). (12)
where R1 and R2 are the internal coordinates for the
cluster 1 and cluster 2. R = R1 − R2 is the relative
coordinate between the two clusters 1 and 2. The ψ1
and ψ2 are the internal cluster orbital wave functions of
the clusters 1 and 2, and χL(R) is the relative motion
wave function between two clusters, which is expanded
by gaussian bases
χL(R) =
1√
4π
(
3
2πb2
)
n∑
i=1
Ci
×
∫
exp
[
− 3
4b2
(R − si)2
]
YLM (sˆi)dsˆi. (13)
where si is called the generate coordinate, n is the num-
ber of the gaussian bases, which is determined by the sta-
bility of the results. By doing this, the integro-differential
equation of RGM can be reduced to an algebraic equa-
tion, generalized eigen-equation. Then the energy of the
system can be obtained by solving this generalized eigen-
equation. The details of solving the RGM equation can
be found in Ref. [33]. In our calculation, the maximum
generating coordinate sn is fixed by the stability of the
results. The calculated results are stable when the dis-
tance between the two clusters is larger than 6 fm. To
keep the dimensions of matrix manageably small, the two
clusters’ separation is taken to be less than 6 fm.
The flavor, spin, and color wave functions are con-
structed in two steps. First constructing the wave func-
tions for clusters 1 and 2, then coupling the two wave
functions of two clusters to form the wave function for
tetraquark system. For the meson-meson structure, as
the first step, we give the wave functions of the meson
cluster. The flavor wave functions of the meson cluster
are shown below.
χ1I11 = ud¯, χ
2
I 1
2
1
2
= sd¯, χ3I 1
2
1
2
= ub¯, χ4I00 = sb¯,
χ5I 1
2
1
2
= us¯, χ6I 1
2
−
1
2
= ds¯, χ7I 1
2
−
1
2
= db¯. (14)
where the superscript of the χ is the index of the flavor
wave function for a meson, and the subscript stands for
4the isospin I and the third component Iz . The spin wave
functions of the meson cluster are:
χ1σ11 = αα, χ
2
σ10 =
√
1
2
(αβ + βα),
χ3σ1−1 = ββ, χ
4
σ00 =
√
1
2
(αβ − βα). (15)
and the color wave function of a meson is:
χ1[111] =
√
1
3
(rr¯ + gg¯ + bb¯). (16)
Then, the wave functions for the four-quark system with
the meson-meson structure can be obtained by coupling
the wave functions of two meson clusters. Every part of
wave functions are shown below. The flavor wave func-
tions are:
ψf111 = χ
4
I00χ
1
I11 , ψ
f2
11 = χ
3
I 1
2
1
2
χ2I 1
2
1
2
,
ψf300 =
√
1
2
[
χ5I 1
2
1
2
χ7I 1
2
−
1
2
− χ7I 1
2
−
1
2
χ5I 1
2
1
2
]
,
ψf411 =
√
1
2
[
χ5I 1
2
1
2
χ7I 1
2
−
1
2
+ χ7I 1
2
−
1
2
χ5I 1
2
1
2
]
. (17)
The spin wave functions are:
ψσ100 = χ
4
σ00χ
4
σ00 ,
ψσ200 =
√
1
3
[
χ1σ11χ
3
σ1−1 − χ2σ10χ2σ10 + χ3σ1−1χ1σ11
]
,
ψσ311 = χ
4
σ00χ
1
σ11 , ψ
σ4
11 = χ
1
σ11χ
4
σ00 ,
ψσ511 =
√
1
2
[
χ1σ11χ
2
σ10 − χ2σ10χ1σ11
]
. (18)
The color wave function is:
ψc1 = χ1[111]χ
1
[111]. (19)
Finally, multiplying the wave functions ψL, ψσ, ψf , and
ψc according to the definite quantum number of the sys-
tem, we can acquire the total wave functions of the sys-
tem.
For the diquark-antidiquark structure, the orbital and
the spin wave functions are the same with those of the
meson-meson structure. For the flavor wave functions, we
give the functions of the diquark and antidiquark clusters
firstly.
χ1I10 =
1√
2
(ud+ du), χ2I00 =
1√
2
(ud− du),
χ3I 1
2
1
2
=
1√
2
(us+ su), χ4I 1
2
1
2
=
1√
2
(us− su),
χ5I 1
2
1
2
= d¯b¯, χ6I00 = s¯b¯. (20)
Then, the color wave functions of the diquark clusters
are:
χ1[2] = rr, χ
2
[2] =
1√
2
(rg + gr), χ3[2] = gg,
χ4[2] =
1√
2
(rb + br), χ5[2] =
1√
2
(gb+ bg), χ6[2] = bb,
χ7[11] =
1√
2
(rg − gr), χ8[11] =
1√
2
(rb − br),
χ9[11] =
1√
2
(gb− bg). (21)
and the color wave functions of the antidiquark clusters
are:
χ1[22] = r¯r¯, χ
2
[22] = −
1√
2
(r¯g¯ + g¯r¯), χ3[22] = g¯g¯,
χ4[22] =
1√
22
(r¯b¯+ b¯r¯), χ5[22] = −
1√
2
(g¯b¯+ b¯g¯), χ6[22] = b¯b¯,
χ7[211] =
1√
2
(r¯g¯ − g¯r¯), χ8[211] = −
1√
2
(r¯b¯− b¯r¯),
χ9[211] =
1√
2
(g¯b¯ − b¯g¯). (22)
After that, the wave functions for the four-quark sys-
tem with the diquark-antidiquark structure can be ob-
tained by coupling the wave functions of two clusters.
Every part of wave functions are shown below. The fla-
vor wave functions are:
ψf111 = χ
3
I 1
2
1
2
χ5I 1
2
1
2
, ψf211 = χ
4
I 1
2
1
2
χ5I 1
2
1
2
,
ψf311 = χ
1
I11χ
6
I00 , ψ
f4
00 = χ
2
I00χ
6
I00 . (23)
The color wave functions are:
ψc1 =
√
1
6
[χ1[2]χ
1
[22] − χ2[2]χ2[22] + χ3[2]χ3[22]
+χ4[2]χ
4
[22] − χ5[2]χ5[22] + χ6[2]χ6[22]],
ψc2 =
√
1
3
[
χ7[11]χ
7
[211] − χ8[11]χ8[211] + χ9[11]χ9[211]
]
.(24)
Finally, we can acquire the total wave functions by
substituting the wave functions of the orbital, the spin,
the flavor and the color parts into the Eq. (10) according
to the given quantum number of the system.
III. THE RESULTS AND DISCUSSIONS
In present work, we investigate tetraquarks with quark
components: usd¯b¯ and uds¯b¯ in two structures, meson-
meson and diquark-antidiquark. The quantum numbers
of the tetraquarks we study here are I = 0, 1, J = 0, 1
and the parity is P = +. The orbital angular momenta
are set to zero because we are interested in the ground
states. To check whether or not there is any bound
state in such tetraquark system, we do a dynamic bound-
state calculation. Both the single-channel and channel-
coupling calculations are carried out in this work. All the
general features of the calculated results are as follows.
5TABLE III: The energies (in MeV) of the meson-meson struc-
ture for tetraquarks usd¯b¯.
[ψfiψσjψck ] Channel Eth Esc Ecc
IJ = 10 [ψf1ψσ1ψc1 ] B0spi
+ 5506.9 5514.0 5513.1
[ψf1ψσ2ψc1 ] B∗0s ρ
+ 6165.4 6169.2
[ψf2ψσ1ψc1 ] B+K¯0 5774.9 5782.6
[ψf2ψσ2ψc1 ] B∗+K¯∗0 6212.6 6217.5
IJ = 11 [ψf1ψσ3ψc1 ] B0sρ
+ 6139.4 6143.9 5539.3
[ψf1ψσ4ψc1 ] B∗0s pi
+ 5532.9 5539.7
[ψf2ψσ3ψc1 ] B+K¯∗0 6172.3 6179.1
[ψf2ψσ4ψc1 ] B∗+K¯0 5814.2 5821.5
TABLE IV: The energies (in MeV) of the diquark-antidiquark
structure for tetraquarks usd¯b¯.
[ψfiψσjψck ] Esc Ecc
IJ = 10 [ψf1ψσ1ψc1 ] 6283.1 5551.8
[ψf1ψσ2ψc2 ] 6186.9
[ψf2ψσ1ψc2 ] 6096.1
[ψf2ψσ2ψc1 ] 5846.6
IJ = 11 [ψf1ψσ4ψc2 ] 6308.8 5613.4
[ψf1ψσ5ψc2 ] 6261.9
[ψf1ψσ3ψc1 ] 6276.0
[ψf2ψσ4ψc1 ] 6216.5
[ψf2ψσ5ψc1 ] 6059.4
[ψf2ψσ3ψc2 ] 6118.7
A. Tetraquarks composed of usd¯b¯
For tetraquarks composed of usd¯b¯, the isospin is I = 1.
The energies of the states with J = 0, 1 are calculated
and the results are listed in Table III and IV. In the
tables, the second column gives the index of the wave
functions of each channel. The columns headed with Esc
and Ecc represent the energies of the single-channel and
channel-coupling calculation respectively. For meson-
meson structure, there are two additional columns, the
column headed with “Channel” denotes the physical con-
tents of the channel and the coulmn headed with Eth
denotes the theoretical threshold of the channel. From
the Table III, we can see that the energies of every sin-
gle channel approach to the corresponding theoretical
threshold. The channel-coupling cannot help too much.
Energies are still above the threshold of the lowest chan-
nel (B0sπ
+ for IJ = 10 and B∗0s π
+ for IJ = 11), which
indicates that no bound usd¯b¯ state with meson-meson
structure is formed in our quark model calculation.
With regard to the diquark-antidiquark structure, the
energies are listed in Table IV. The channels with dif-
ferent flavor-spin-color configurations have different en-
ergies and the coupling of them is rather stronger than
that of the meson-meson structure. However, the energy
of the IJ = 10 state is still higher than the theoreti-
cal threshold of the lowest channel B0sπ
+, 5506.9 MeV.
Similarly, the energy of the IJ = 11 state is higher than
the theoretical threshold of the lowest channel B∗0s π
+,
5532.9 MeV. Thus, there is no bound state with diquark-
antidiquark structure in the present calculation.
Nevertheless, the colorful subclusters diquark (qq) and
antidiquark (q¯q¯) cannot fall apart because of the color
confinement, so there may be a resonance state with
diquark-antidiquark structure. To check the possibility,
we perform an adiabatic calculation of energy for both
the IJ = 10 and IJ = 11 states. The results are shown
in Fig. 1, where the horizontal axis S is the distance
between two subclusters and the vertical axis stands for
the energy of the system at the corresponding distance
S. It is obvious in Fig. 1 that the energy of both the
IJ = 10 and IJ = 11 states is increasing when the two
subclusters fall apart, which indicates that the two sub-
clusters tend to clump together. In other words, the odds
are the same for the states being meson-meson struc-
ture, diquark-antidiquark structure or other structures.
As mentioned above, the energy of the state is higher
than the theoretical threshold of the lowest channel, so
neither the state of IJ = 10 nor the state of IJ = 11 is
a resonance state in QDCSM.
Therefore, the X(5568) cannot be explained as a
molecular state or a diquark-antidiquark resonance of
usd¯b¯ in the present calculation. Our results are con-
sistent with the analysis of Ref. [19] and Ref. [20]. In
Ref [19], the four-quark system usd¯b¯ with both meson-
meson structure and diquark-antidiquark structure was
studied in the framework of the chiral quark model by
using the Gaussian expansion method, and no candidate
of X(5568) was found. In Ref. [20], Burns and Swanson
explored a lot of possible explanations of the X(5568)
signal, a tetraquark, a hadronic molecule or a threshold
effect and found that none of them can be a candidate of
the observed state.
0 2 4 6
5000
6000
7000
8000
9000
10000
11000
E
ne
rg
y 
(M
eV
)
 
 
(a) IJ=10
0 2 4 6
(b) IJ=11
s (fm)
 
 
FIG. 1: The energy as a function of the distance between
the diquark (qq) and antidiquark (q¯q¯) for the IJ = 10 and
IJ = 11 states of usd¯b¯.
6TABLE V: The energies (in MeV) of the meson-meson struc-
ture for tetraquarks uds¯b¯.
[ψfiψσjψck ] Channel Eth Esc Ecc
IJ = 00 [ψf3ψσ1ψc1 ] B0K+ 5774.9 5781.4 5779.9
[ψf3ψσ2ψc1 ] B∗0K∗+ 6212.6 6218.1
IJ = 01 [ψf3ψσ3ψc1 ] B0K∗+ 6172.3 6176.2 5813.1
[ψf3ψσ4ψc1 ] B∗0K+ 5814.2 5820.5
[ψf3ψσ5ψc1 ] B∗0K∗+ 6212.6 6216.1
IJ = 10 [ψf4ψσ1ψc1 ] B0K+ 5774.9 5783.2 5783.0
[ψf4ψσ2ψc1 ] B∗0K∗+ 6212.6 6218.1
IJ = 11 [ψf4ψσ3ψc1 ] B0K∗+ 6172.3 6180.3 5821.5
[ψf4ψσ4ψc1 ] B∗0K+ 5814.2 5822.0
[ψf4ψσ5ψc1 ] B∗0K∗+ 6212.6 6219.1
TABLE VI: The energies (in MeV) of the diquark-antidiquark
structure for tetraquarks uds¯b¯.
[ψfiψσjψck ] Esc Ecc
IJ = 00 [ψf1ψσ1ψc1 ] 5867.2 5701.1
[ψf1ψσ2ψc2 ] 6058.2
IJ = 01 [ψf1ψσ1ψc1 ] 6334.7 5756.3
[ψf2ψσ1ψc2 ] 6213.3
[ψf2ψσ2ψc1 ] 5881.4
IJ = 10 [ψf1ψσ1ψc1 ] 6452.1 6103.8
[ψf1ψσ2ψc2 ] 6200.8
IJ = 11 [ψf1ψσ1ψc1 ] 6289.1 6130.1
[ψf2ψσ1ψc2 ] 6253.4
[ψf2ψσ2ψc1 ] 6447.9
B. Tetraquarks composed of uds¯b¯
For tetraquarks composed of uds¯b¯, four states with
the quantum numbers IJ = 00, 01, 10 and 11 are stud-
ied. The energies of the meson-meson structure and the
diquark-antidiquark structure are listed in Tables V and
VI, respectively. For the meson-meson structure, the re-
sults are similar to that of the tetraquarks of usd¯b¯. Ta-
ble V shows that the energies of every single channel
are above the corresponding theoretical threshold. The
effect of channel-coupling is very small except for the
IJ = 01 state. For the states with IJ = 00, IJ = 10,
and IJ = 11, all energies are above the threshold of the
lowest channel (B0K+ for IJ = 00, B0K+ for IJ = 10,
and B∗0K+ for IJ = 11) even by the channel-coupling
calculation. While for the state with IJ = 01, the en-
ergy is about 1.0 MeV lower than the threshold of the
lowest channel B∗0K+ after channel-coupling. However,
the binding energy is not very large, so there maybe a
weak molecular bound state of uds¯b¯ with quantum num-
bers of IJ = 01, and the mass of this state is about 5813
MeV.
For the diquark-antidiquark structure, all the possible
channels are shown in Table VI. One can see that the en-
ergy of each single channel is higher than the theoretical
threshold of the corresponding channel, which are shown
in Table V. Although the effect of the channel-coupling
is much stronger than that of the meson-meson struc-
ture, the energy of the IJ = 10 and IJ = 11 states are
still above the theoretical threshold of the corresponding
channel. So there is no any bound states for the IJ = 10
or IJ = 11 state. In order to check if there is any reso-
nance state, we also perform the adiabatic calculation of
energy for both the IJ = 10 and IJ = 11 states. The
results are shown in Fig. 2. The case is similar to the
tetraquarks composed of usd¯b¯. The energy of both the
IJ = 10 and IJ = 11 states is increasing when the two
subclusters diquark (qq) and antidiquark (q¯q¯) fall apart,
which indicates that the two subclusters tend to clump
together. So there is no resonance state with quantum
numbers IJ = 10 and IJ = 11.
However, things are different for the IJ = 00 state
and the IJ = 01 state. The energy of the IJ = 00 state
is about 5701 MeV, 74 MeV lower than the theoretical
threshold of the B0K+, which indicates that the IJ = 00
state of the diquark-antidiquark structure can be a bound
state. Ref. [24] also found that the bound state with IJ =
00 was possible. Meanwhile, the energy of the IJ = 01
state is 58 MeV lower than the theoretical threshold of
the B∗0K+, so the IJ = 01 state is also bound here.
Thus, both the IJ = 00 state and the IJ = 01 state of
diquark-antidiquark structure can form bound states.
By comparing with the results of the meson-meson
structure, we note that the energy of the IJ = 01 state
of the diquark-antidiquark structure is about 5756 MeV,
which is much lower than that of the meson-meson struc-
ture shown in Table V. This shows that the IJ = 01 state
prefers to be a bound state of the diquark-antidiquark
structure. Moreover, the IJ = 00 state of the diquark-
antidiquark structure is easier to form the bound state
than the one of the meson-meson structure. All these in-
dicate that the diquark-antidiquark configuration maybe
a good choice for some tetraquarks. Some work have
been done to explain the exotic XY Z states depending
on the diquark-antidiquark configuration. Ref. [34] pro-
posed the hypothesis that the diquarks and antidiquarks
in tetraquarks were separated by a potential barrier to
explain the properties of exotic resonances such as X
and Z. Ref. [35] presented a dynamical picture to ex-
plain the nature of some exotic XY Z states based on a
diquark-antidiquark open-string configuration. The pic-
ture combined the advantages of diquark-based models,
which can accommodate much of the known XY Z spec-
trum, with the experimental fact that such states are
both relatively narrow and are produced promptly. Thus
both the IJ = 00 and IJ = 01 states of the diquark-
antidiquark structure we obtain here maybe the narrow
resonance states. The study of the decay width of these
states is our further work.
Contrasting with the tetraquarks composed of usd¯b¯,
we find the tetraquarks composed of uds¯b¯ is more likely
to form bound state. The reasons are as follows. First,
7the diquark pair of two light quarks (ud) or two heav-
ier quarks (sb) is usually more stable than the one of two
quarks with larger mass difference like us or db pair. Our
results show that the tetraquarks composed of uds¯b¯ of the
diquark-antidiquark structure is most possible to form
bound states, which just supports this point. Secondly,
the lowest threshold of uds¯b¯ is BK, 270 MeV higher than
the threshold Bsπ of usd¯b¯. So there is large mass re-
gion for this uds¯b¯ state below threshold and being stable.
This conclusion also supports the assumption of Ref. [23],
which proposed such particle with the quark component
of uds¯b¯ (or its charge-conjugated one) as a partner of
X(5568) of usd¯b¯ under the SU(3) flavor symmetry.
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FIG. 2: The energy as a function of the distance between
the diquark (qq) and antidiquark (q¯q¯) for the IJ = 10 and
IJ = 11 states of uds¯b¯.
IV. SUMMARY
In summary, we investigate tetraquarks composed of
usd¯b¯ and uds¯b¯ in the framework of QDCSM. Two struc-
tures, meson-meson and diquark-antidiquark, are consid-
ered. Our results show that there is no bound state
or resonance state composed of usd¯b¯. The reported
X(5568) cannot be explained as a molecular state or a
diquark-antidiquark resonance of usd¯b¯ in present calcu-
lation. In contrast, two bound states are obtained for
the tetraquarks system composed of uds¯b¯: an IJ = 00
state with the mass of 5701 MeV, and an IJ = 01
state with the mass of 5756 MeV, which maybe the
better tetraquark candidates with foure different fla-
vors. These two bound states are of the diquark-
antidiquark structure. For the system with IJ = 00 and
IJ = 01, it is obvious that the state of the diquark-
antidiquark structure is more likely to form bound state
than that of the meson-meson structure, which indicates
that the diquark-antidiquark configuration would be a
good choice for the tetraquarks uds¯b¯ with IJ = 00 and
IJ = 01. During the calculation, we find that the ef-
fect of the channel-coupling in the diquark-antidiquark
structure is much stronger than that in the meson-meson
structure, and the channel-coupling plays an important
role in forming bound states in the diquark-antidiquark
structure.
Meanwhile, our results also show that the tetraquarks
composed of uds¯b¯ is more possible to form bound states
than the one composed of usd¯b¯. Thus, if the X(5568)
does exist, the tetraquarks composed of uds¯b¯ must be
a more stable state. If the X(5568) is proved to be
nonexistent, it is still possible for the existence of such
tetraquarks with uds¯b¯ components. This conclusion is in
accordance with the point of Ref. [23], which proposed
the state composed of uds¯b¯ (or its charge-conjugated one)
as a partner of X(5568) of usd¯b¯. Ref. [23] also pointed
out that if the lowest-lying uds¯b¯ state exists below thresh-
old, it can be definitely observed via the weak decay
mode J/ψK−K−π+, with the expectation of hundreds
of events in the current LHCb data sample but reject-
ing backgrounds due to its long lifetime. Therefore, the
uds¯b¯ state would be a promising detectable tetraquark
state. We hope that experiments will help to discover
these interesting tetraquark states.
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